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ABSTRACT
Crude oil from Deepwater Horizon Macondo oil spill is currently present in Louisiana
coastal surface sediments and its effects on the coastal ecosystem are still being realized.
Deposition of 2- and 3-ring PAHs (alkylated naphthalenes and phenanthrenes) on the exterior
of Spartina alterniflora and Avicennia germinans leaves have been demonstrated in marshes
impacted by Macondo spill. Whether these deposition events result from contaminated tidal
water or volatilization followed by deposition onto the leaf surface has not been conclusively
established. Measurements of PAH deposition on the leaf surface of black mangrove (Avicennia
germinans) can provide important evidence of the mechanism of deposition since these plants
are rarely submerged by tidal water. Study objectives were to quantify and observe the uptake
mechanisms of PAH accumulation as a function of time, leaf age, and leaf fraction in mangrove
leaves from a heavily oiled site at Bay Jimmy marsh in Barataria Basin, LA. PAHs did not
accumulate over time or leaf age indicating diffusion and equilibrium processes dominated and
occurred quickly. PAHs accumulated in the inner tissue of the leaf posing a potential for longterm internal cycling of PAHs in a sediment-vegetation-biota system. Semipermeable
membrane devices (SPMDs) were utilized in air and marsh surface in the field as a simple
analogue to investigate the transfer process. Higher correlations between leaves and SPMDs
were observed for C1-naphthalenes than the other PAHs studied. The plant – air partitioning
coefficient (KPA) for various PAHs in field contaminated mangrove leaves was quantified using
an experimental partitioning apparatus and compared to respective KPA values calculated for
Spartina alterniflora. All KPA coefficients were well below 8 which supports the dominant uptake
process of air phase PAHs is equilibrium partitioning between the vegetation and the gas phase.
iv

CHAPTER 1: INTRODUCTION
1.1.

Background
1.1.1 Deepwater Horizon Spill and PAHs
British Petroleum’s Deepwater Horizon oil platform exploded on April 20, 2010 and sank

two days later initiating the worst reported accidental marine oiling event in U.S. history
(McNutt et al., 2012). The well was capped on July 15, 2010, but not before significant releases.
US v BP (2015) decided 3.19 million barrels of crude oil and several hundred thousand tons of
hydrocarbon gases were released prior to successful well capping. More than 2100 km of
shoreline were oiled, affecting many coastal habitats (Beyer et al., 2016).
Crude oil is composed of a mixture of many components. Polycyclic aromatic
hydrocarbons (PAHs) are a class of hydrocarbons found in crude oil and consists of two or more
fused benzene rings. PAHs make up a relatively low portion of crude oil but receive much
attention due to their high toxicity and environmental persistence (Eisler, 1987). PAHs tend to
persist in the environment for extended periods of time due to their hydrophobic and lipophilic
properties (Weissenfels et al., 1992).
Crude oil from the Deepwater Horizon oil spill is currently present in Louisiana coastal
surface sediments and its effects on the coastal ecosystem are still being realized (Hester et al.,
2016; Beyer et al., 2016). At heavily oiled sites, the sediment surface is frequently re-oiled due
to tidal exchange processes. It is valuable to further investigate the fate of PAHs within wetland
vegetation to better understand their environmental impacts and ultimate fate.
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1.1.2. Plant uptake of PAHs
Wetland vegetation serves as a potential sink for PAHs (Watts et al., 2006). There are
two primary pathways of PAH uptake by plants: soil-to-root and air-to-leaf. In the soil-to-root
pathway, PAHs can be removed from the sediment by the root system and transported to the
aboveground plant biomass via transpiration (Briggs, 1982). The soil-to-root pathway is a
primary transport route into vegetation for high molecular weight PAHs (Fismes et al., 2001;
Jiao et al., 2007). However, high molecular weight PAHs are mostly adsorbed on the roots but
not absorbed into the aboveground plant biomass. A third possible PAH transport pathway of
direct water-to-leaf deposition exists; however, this pathway is negligible with respect to the
root-to-leaf and air-to-leaf pathways due to the hydrophobic nature of PAHs (Nicola et al.,
2008).
PAHs can also volatilize from the sediment surface and be taken up from the air by the
leaf surface (Bacci et al., 1992). Plant leaves possess a waxy epicuticle and an inner cuticle
layer. Both of which are located on the outer surface area of the plant leaf. These are both
important factors in PAH air-to-leaf partitioning. PAHs first adsorb onto the waxy epicuticle.
Due to their lipophilic properties, the PAHs can then diffuse further into the cuticle (Forster et
al., 2004). Low molecular weight PAHs are more likely than high molecular weight PAHs to
diffuse into the cuticle for long-term storage (Howsam et al., 2000). A complete sequential
extraction of PAHs method can illustrate the distribution of PAHs among the waxy epicuticle,
cuticle, and inner leaf tissue.
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1.1.3. Avicennia germinans
Avicennia germinans (black mangrove) is a tree that grows in salt marshes and is
adapted to marsh islands. Plant height varies from four to nine feet. Pneumatophores
(breathing roots) are a system of aboveground roots beneath the plant that transport oxygen to
the rhizosphere via oxygen diffusion through their lenticels, or large pores structures. The
leaves are typically one to five inches in length, thick, dark green, and smooth. Black mangrove
is sensitive to cold weather and is found in subtropical climate zones. (Houck and Neill, 2009)
Black mangrove is a facultative halophyte. While mangroves grow well in freshwater
environments, they are more dominant in saline waters due to limited competition for
nutrients. Mangroves are typically found in waters with a salinity of 0 to 40 parts per thousand,
but may survive in waters at salinities of 40 parts per thousand or greater. Black mangrove
takes up saline water and uses the freshwater component for energy production processes.
Salt glands located on the plant leaf excrete the excess salt gained from the saltwater source.
(Odum et al., 1982)

1.1.4. Semipermeable membrane devices
Semipermeable membrane devices (SPMDs) are commercially available passive
monitoring devices widely used for measurement of PAHs in air (Ockenden et al., 1998; Shoeib
and Harner, 2002; Zhu et al., 2013; Pozo et al., 2015; Harner et al., 2016) and water (Crunkilton
and Devita, 1997; Verweij et al., 2003; Gourlay-France et al., 2008) in a range of studies. SPMDs
are powered by diffusion process and can be left in field conditions for long periods of time.
Thin films of polyethylene (PE) doped with a small volume of the fat triolein are the most
commonly accepted materials used for these devices. The PAHs diffuse into the film and
3

partition into the triolein. Analysis of PAH accumulation in the SPMD requires a simple dialysis
procedure and analysis by a GC-MS.

1.1.5. Vegetation – air partitioning
Chemicals released to the environment existing in multiple phases are in a constant
state of flux and always tending toward equilibrium between those phases. Wetland vegetative
assimilation of PAHs is another phase to be considered. Semivolatile organic compounds
(SOCs) in the air phase can accumulate in vegetation via a number of different processes based
on chemical and physical characteristics. McLachlan and Horstmann (1998) described three
processes by which vegetation uptakes air phase SOCs: gaseous deposition, particle-bound
deposition (wet or dry), and wet deposition. Wet deposition is not a main contributing source
for PAH due to the hydrophobic nature of PAHs (McLachlan and Horstmann, 1998). Gaseous
deposition can be broken down further into two different processes: equilibrium partitioning
between the vegetation and the atmosphere and kinetically limited gaseous deposition
(McLachlan, 1999). Therefore, vegetation can uptake PAHs via three different processes:
equilibrium partitioning between vegetation and atmosphere, kinetically limited gaseous
deposition, or particle-bound deposition (wet or dry).
The octanol – air partition coefficient (KOA) can be useful in predicting the dominant
uptake process of air phase PAHs into vegetation. McLachlan (1999) observed Log KOA values
can be used to predict the dominant uptake process of all air phase SOCs into vegetation.
Equilibrium partitioning of SOCs between vegetation and atmosphere dominates at Log KOA <
8.5. Kinetically limited gaseous deposition of SOCs dominates at 8.5 < Log KOA < 11. Particlebound deposition of SOCs dominates at 11 < Log KOA.
4

A fugacity meter has been developed as a valuable tool for studying contaminant
transport into plants and investigating the fate of contaminants in various phases (Horstmann
and McLachlan, 1992). The fugacity meter has been used to experimentally determine plant –
air partitioning coefficients (KPA) for SOCs on artificially contaminated samples (Komp and
McLachlan, 1997).

1.2. Thesis objectives
The objective of this thesis is to describe aspects of the fate and transport of petrogenic
PAHs in mangrove leaves at a crude oil contaminated field site. The PAH distribution as a
function of leaf age was visualized to determine age dependent concentration changes. A
complete sequential extraction method was utilized on leaf samples to analyze if PAHs
accumulate in specific leaf layers. PAH concentrations in mangrove leaves were analyzed for
correlations with air and surface PAH concentrations as detected by other passive monitoring
techniques (SPMDs). This new set of information can be used to make determinations on the
efficacy of using leaves of indigenous wetland vegetation as sentinels for ecosystem recovery or
re-oiling events years after an initial oil spill. These data will also better establish the time frame
of recovery of the marshes from the original spill event.

5

CHAPTER 2: ACCUMULATION AND DISTRIBUTION OF PAHS IN AVICENNIA
GERMINANS
2.1. Introduction
Crude oil from the Deepwater Horizon oil spill entered Bay Jimmy area soon after the
event. The oil is currently present in Louisiana coastal surface sediments and its effects on the
coastal ecosystem are still being realized (Hester et al., 2016; Beyer et al., 2016). The sediment
surface is frequently re-oiled due to turbulent tidal processes and storm events. Polycyclic
aromatic hydrocarbons (PAHs) make up a portion of the overall chemical composition of crude
oil. PAHs are the focus of environmental and public health concerns following an oil spill due to
their persistence in the environment and toxicity. Wetland vegetation serves as a potential sink
for PAHs (Watts et al., 2006). There are two primary pathways of PAH uptake by plants: soil-toroot transpiration and air-to-leaf. In the soil-to-root pathway, PAHs can be removed from the
sediment by the root system and transported to the aboveground plant biomass via
transpiration (Briggs, 1982; Gao and Zhu, 2004). In the air-to-leaf pathway, PAHs volatilize from
the sediment surface and subsequently deposit onto the leaf surface (Bacci et al., 1992). A
third possible PAH transport pathway of direct water-to-leaf deposition exists; however, this
pathway is negligible with respect to the root-to-leaf and air-to-leaf pathways (Nicola et al.,
2008).
Avicennia germinans (Black mangrove) is a woody shrub standing at four to nine feet tall
in salt marshes in subtropical climates (Houck and Neill, 2009). The leaves are located above
the water level at all tidal ranges in coastal LA, thus removing the potential for PAHs to directly
deposit on mangrove leaves via water-to-leaf pathway. The leaves are typically one to five
6

inches in length, thick, dark green, and smooth (Houck and Neill, 2009). Mangrove leaves
consist of three layers: waxy epicuticle (surface), cuticle, and tissue. Black mangrove is a
facultative halophyte with optimal growth in waters with salinity of 0 to 40 parts per thousand
(Odum et al., 1982). Black mangrove has physiologically adapted to transpire saline water by
filtering out and excreting salts onto the leaf surface via salt glands and using the freshwater
component for energy production processes (Odum et al., 1982).
To establish whether the air – plant pathway for PAH transport is operating in coastal
wetlands a simpler analogue for the transfer process is needed. SPMDs are commonly used for
the passive measurement of PAHs in various media including air (Ockenden et al., 1998; Shoeib
and Harner, 2002; Zhu et al., 2013; Pozo et al., 2015; Harner et al., 2016) and water (Crunkilton
and Devita, 1997; Verweij et al., 2003; Gourlay-France et al., 2008). Thin films of polyethylene
(PE) doped with a small volume of the fat triolein are widely accepted as the materials used for
these devices. SPMDs are deployed into field environments for two to six weeks. SPMDs
accumulate lipophilic compounds via diffusion into the film followed by partitioning with the
triolein; therefore, no power source is needed.
The objective of this study was to better describe the mechanism of PAH deposition on
mangroves leaves at a crude oil contaminated field site. The PAH distribution as a function of
leaf age was visualized to determine age dependent concentration changes. A complete
sequential extraction method was utilized on leaf samples to determine if PAHs accumulate in
specific leaf layers. PAH concentrations were determined in SPMD samples to use for
comparison of uptake and partitioning processes. PAH concentrations in air and surface SPMDs
were correlated with plant PAH concentrations. A better mechanistic understanding of PAH
7

dynamics within black mangrove leaves yields broader insight into the efficacy of indigenous
wetland vegetation as sentinels for re-oiling events years after an initial oil spill. These data will
also better establish the time frame of recovery of the marshes from the original spill event.

2.2. Methodology
2.2.1. Sampling locations
The coastal salt marsh site in this study is located in Barataria Basin in Bay Jimmy, LA
(Figure 1). Bay Jimmy received variations in oiling intensities from light to heavy from the 2010
Deepwater oil spill when winds and coastal currents carried oil deep into the marsh (Lin and
Mendelssohn, 2012). Both sites are dominated by similar vegetation including Spartina
alterniflora and Avicennia germinans (black mangrove).
The marsh site adjacent to Bay Jimmy, LA received heterogeneous oiling intensities
across the spatial horizon of the marsh. The reference site (site 1) received light oiling
compared to the oiled site (site 2) which received heavy oiling. Three plots were delineated at
both the reference site and oiled site where Spartina and SPMD sampling occurred. No black
mangrove trees were present at the reference site; therefore, three mangrove trees were
selected for study at the oiled site from July 2016 to February 2017.

2.2.2. Leaf sampling and PAH extraction
Three black mangrove trees were selected at the oiled site at Bay Jimmy. Three sample
sets were randomly collected from each tree during each sampling event: (a) immature leaves;
(b) mature leaves; (c) senescing leaves. Immature leaves are identified as being smaller in size
and spatially located at the tip of each mangrove branch. Mature leaves are typical of
mangrove trees being dark green, thick, and located all along the mangrove branch. Senescing
8

Figure 1. Experimental sites on the marsh adjacent to Bay Jimmy, LA.
leaves are found at random locations along the mangrove branch and are characterized as
yellow, brown, and sometimes shriveled.
All samples underwent a three stage sequential extraction of PAHs consisting of EDTA
contact time, dichloromethane (DCM) contact time, and accelerated solvent extraction (ASE)
(Figure 2). The sequential extraction was initiated in the field. Sample leaves were placed into
a 100 mL solution of EDTA (1 M, pH = 5) and shaken vigorously for 2 minutes, chelating and
removing the particulates bound to the surface of the leaves. The leaves were then transferred
to 100 mL of pesticide-grade DCM and shaken again for 2 minutes, dissolving the cuticle of the
leaves. The leaves were removed from the DCM, placed in a sealed bag, and stored in the dark
for transport to the lab for further PAH extraction.

9

Figure 2. Sequential extraction method of PAHs from leaf samples.
In the lab, EDTA was exchanged with cyclohexane using a separatory funnel. The
cyclohexane solvent was evaporated at 70°C to 2 mL using a RapidVap N2 Evaporation System
(Labconco, USA). The 2 mL cyclohexane was diluted to 20 mL with hexane/acetone (50:50 v/v),
evaporated at 70°C to 3 mL, and stored in a scintillation vial before GC-MS analysis.
DCM samples were evaporated at 30°C to 2 mL using the RapidVap. The 2 mL DCM was
diluted to 20 mL with hexane/acetone (50:50 v/v), evaporated at 70°C to 3 mL, and stored in a
scintillation vial before GC-MS analysis.
The leaf samples were cut into small pieces, weighed, and mixed with diatomaceous
earth to dry the samples in preparation of aggressive tissue extraction of PAHs using
accelerated solvent extraction (ASE). Full sample masses were recorded for calculation
purposes but only 15 grams or less of leaf mass were used for analysis. The prepared samples
were loaded into stainless steel, cylindrical cells and placed in a Dionex Accelerated Solvent
10

Extractor 350 (Thermo Scientific). The ASE extracts oil elements from the samples using
hexane/acetone (50:50 v/v) under 1700 psi of pressure at a temperature of 100°C. The
hexane/acetone solvent eluate from the ASE was evaporated at 70°C to 3 mL using the
RapidVap.
The 3 mL hexane/acetone sample from the ASE was processed further using solid phase
extraction (SPE) with a silica gel column before GC-MS analysis. This method served to remove
chlorophyll, which may interfere with the detection of PAHs by GC-MS. The column was
activated with 1 mL of water followed by the 3 mL hexane/acetone sample. The column was
eluted with 40 mL of 2:3 hexane/acetone. The eluate was evaporated at 70°C to 2 mL on the
RapidVap, diluted to 20 mL with hexane/acetone (50:50 v/v), evaporated at 70°C to 3 mL, and
stored in a scintillation vial before GC-MS analysis.
Table 1 reports PAH recovery percentages determined using the SPE method. Triplicate
samples were prepared by combining 3 samples of 5 μL of a known concentration of
deuterated internal standards (naphthalene, acenaphtheylene, phenanthrene, and chrysene)
with 3 mL of hexane/acetone (50:50 v/v). The SPE method was performed as described above.
The eluate was analyzed for the above PAHs and recovery percentages were calculated for each
deuterated PAH. These recovery percentages sufficiently describe expected recovery
percentages for methylated PAHs in the respective family.
Table 1. Internal standard recoveries from SPE method
PAH Standard

Recovery Percentage (Avg ± St. Dev.)

Naphthalene

15 ± 4.2

Phenanthrene

33 ± 5.6
11

2.2.3. SPMD samples
Semipermeable membrane devices (SPMDs) are commonly used for the passive
measurement of PAHs in air (Ockenden et al., 1998; Shoeib and Harner, 2002; Pozo et al., 2015;
Harner et al., 2016) and water (Crunkilton and Devita, 1997; Verweij et al., 2003; GourlayFrance et al., 2008). SPMDs are useful in field measurements because chemicals are
accumulated via diffusion processes and therefore no power source is needed. Thin films of
polyethylene (PE) doped with a small volume of the fat triolein are widely accepted as the
materials used for these devices. The PAHs can then diffuse into the film and partition into the
triolein.
SPMDs were deployed in both air and marsh surface at each of the 6 experimental plots
at Bay Jimmy at each sampling event (Figure 3). Surface SPMDs were secured to the sediment
bed by a rope and pole system. Surface SPMDs were freely exposed to tidal fluctuations, thus
experiencing similar environmental conditions as Spartina. Air SPMDs were secured inside a
metal cylinder. The paint can was hung upside down just above the Spartina canopy to
minimize photodegradation processes in the SPMD film.
SPMD films were retrieved at each sampling event after an incubation time of 20 to 60
days. The SPMD films were removed from the canisters and washed of solids and salts before
PAH dialysis in solvent. The washing process included gentle wiping with gloved fingers
followed by rinsing by dilute hydrochloric acid, water, acetone, then hexane. Once washed, the
SPMD films were placed in separate jars of 100 mL hexane and incubated for 24 hours. The
films were transferred to a fresh 100 mL hexane and incubated for another 24 hours before
discarding. The two 100 mL hexane fractions were combined and evaporated to 2 mL at 70°C
12

Figure 3. (A) Polyethylene film securely woven in a spiral formation (Picture from EST-lab.com)
(B) SPMD film secured in water functional canister (Picture from EST-lab.com) (C) Field set up in
experimental plot with air SPMD above canopy and surface SPMD on marsh surface
on the RapidVap, diluted to 20 mL with hexane/acetone (50:50 v/v), evaporated to 3 mL at
70°C, and stored in scintillation vials before GC-MC processing.

2.2.4. Soil sampling
Surface soil samples were collected from all experimental plots Bay Jimmy to determine
PAH source concentrations at plant bases. Samples were stored in dark for transport to the
laboratory for processing. 10 grams of soil sample was mixed with diatomaceous earth in
preparation of PAH extraction using ASE (described above). The hexane/acetone solvent eluate
13

from the ASE was evaporated at 70°C to 10 mL using the RapidVap and stored in a scintillation
vial before GC-MS processing.

2.2.5. PAH analysis
All samples were prepared for analysis by gas chromatograph-mass selective detection
(GC-MS) for targeted PAHs by combining 1 mL of sample eluate with 5 μL of deuterated internal
standard (naphthalene, acenaphtheylene, phenanthrene, and chrysene). Samples were
analyzed for PAH concentrations by a Hewlett Packard 6890N gas chromatograph equipped
with a 5973N mass selective detector and a DB-5 capillary column (30 m x 0.25 mm x 0.25 μm
film). The injector temperature was set at 300°C. The detector temperature was set at 280°C.
The oven temperature was set at 45°C for 3 minutes, followed by an increase rate of 6°C per
minute to 315°C where the temperature was held for 15 minutes. The GC utilized helium as the
carrier gas. Quality control blanks (1 mL hexane/acetone at 50:50 by volume with 5 μL internal
standard) were placed before and after each run. Continuing calibration standards of known
concentrations of PAHs were incorporated in each run as well.
Leaf samples were analyzed targeting the following PAH’s: naphthalene, C1naphthalenes, C2-naphthalenes, C3-naphthalenes, C4-naphthalenes, acenaphthylene,
acenaphthene, fluorene, C1-fluorenes, C2-fluorenes, C3-fluorenes, phenanthrene, C1phenanthrenes, C2-phenanthrenes, C3-phenanthrenes, C4-phenanthrenes, dibenzothiophene,
C1-dibenzothiophenes, C2-dibenzothiophenes, C3-dibenzothiophenes, fluoranthene, pyrene,
C1-pyrene/fluoranthene, chrysene, C1-chrysenes, C2-chrysenes, and C3-chrysenes. SPMD
samples were analyzed targeting the same PAH’s as listed above as well as the following
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deuterated performance reference compounds: anthracene-d10, fluoranthene-d10, and
dibenzo-b,h-anthracene-d14.

2.3. Results and Discussion
2.3.1. PAHs observed in leaf
A full scan of PAHs was performed on samples in order to determine which PAHs were
detectable. The PAHs quantified in all fractions of the leaf samples were normalized to the dry
mass of the leaf. Figure 4 displays the major detected PAHs in mature mangrove leaves for all
six sampling dates. Lower molecular weight compounds including naphthalenes and
phenanthrenes were present. Lower alkylated forms of these PAHs dominated, including C1naphthalenes (C1-N), C2-naphthalenes (C2-N), C1-phenanthrenes (C1-P), and C2phenanthrenes (C2-P). C1-N and C1-P were present at higher concentrations than C2-N and C2P, respectively.
C1-N and C1-P display more dynamic concentration profiles over time than C2-N and C2P, respectively. C1-N and C1-P concentrations change dramatically over time while C2-N and
C2-P change gradually. A weak Gaussian distribution is observed for all compounds through
December 11 sampling event. In general, higher concentrations were observed in summer to
early fall dates than in the winter dates, excluding February where concentrations spiked for all
compounds.

2.3.2. PAHs observed in soil
The PAHs quantified in the soil were normalized to the mass of the soil sample.
Naphthalenes, phenanthrenes, dibenzothiophenes, and chrysenes were all present in the soil

15

Figure 4. Total PAH concentrations in mature mangrove leaves expressed as ng-PAH per g-leaf
over 6 sampling events from June 5, 2016 to February 3, 2017.

Figure 5. PAH concentrations in soil samples on February 3, 2017 expressed as ug-PAH per g-soil
16

profile near the mangrove trees. C3-Naphthalene (C3-N), C4-naphthalene (C4-N), C3phenanthrene (C3-P), and C4-phenanthrene (C4-P) were present in the soil profile.
Dibenzothiophenes and chrysenes were present in the soil profile at higher concentrations than
naphthalenes and phenanthrenes.
C1-N and C2-N soil concentrations were similar to the C1-N and C2-N total leaf
concentrations. C3-N and C4-N were present in the soil profile but were not present at
detectable concentrations in the leaves. C4-N dominated the naphthalenes’ concentration
profile in the soil but was not present at detectable concentrations in the leaves.
Phenanthrenes were present in the soil at much higher concentrations than
naphthalenes. C3-P and C4-P were present in the soil but were not present at detectable
concentrations in the leaves. C3-P dominated the phenanthrenes’ concentration profile in the
soil but was not present at detectable concentrations in the leaves.
C1-Dibenzothiophene (C1-D), C2-dibenzothiophene (C2-D), and C3-dibenzothiophene
(C3-D) were present in the soil profile but were not present at detectable concentrations in the
leaves. CN-Dibenzothiophene concentration increased with increasing degree of alkylation,
with C3-D dominating the dibenzothiophenes’ concentration profile in the soil. In general,
dibenzothiophenes were present in the soil profile at similar concentrations as phenanthrenes
but were not present at detectable concentrations in the leaves.
C1-Chrysene (C1-C), C2-chrysene (C2-C), and C3-chrysene (C3-C) were present in the soil
profile but were not present at detectable concentrations in the leaves. CN-Chrysene
concentration decreased with increasing degree of alkylation, with C1-C dominating the
chysenes’ concentration profile in the soil.
17

Higher molecular weight PAHs were present in the soil at higher concentrations than
lower molecular weight PAHs. It is interesting that C3-N, C4-N, C3-P, and C4-P as well as CNdibenzothiophenes and CN-chrysenes were abundantly present in the soil profile but were not
present at detectable concentrations in the mangrove leaves. This information suggests that
PAH transport via root-to-leaf transpiration process is not a dominating transport pathway;
rather, air volatilization and subsequent deposition onto the leaf surface is the most probable
transport pathway. This is a reasonable explanation for the leaf presence of lower molecular
weight, higher volatilization tending PAHs (C1-N, C2-N, C1-P, and C2-P).

2.3.3. PAH Variation Over Leaf Age
Figure 6 presents concentration profiles for C1-N and C1-P over a seven month time
period for each of the three leaf ages. The concentration profiles are similar over leaf age for
each compound. An approximate Gaussian distribution of concentration is observed for each
leaf age through December 11 sampling event. Higher concentrations are observed in the
summer to early fall dates than in the winter dates, excluding February where concentrations
spiked for all compounds. The similar magnitude of concentration profile shapes for these
compounds within age groups suggests PAHs do not accumulate in the leaf over time. Diffusion
towards an equilibrium state is the driving force for movement of PAHs in the leaf and occurs
quickly. Rapid accumulation of PAHs in the immature leaf age group supports diffusion
processes.
Twilley et al. (1986) observed that nitrogen is translocated out of the leaves of A.
germinans at the onset of senescence. The similar concentration of PAHs over leaf age indicates
translocation of PAHs does not occur, but rather the leaf retains the PAHs in its tissue.
18

Figure 6. Total concentrations of C1-Naphthalenes (left) and C1-Phenanthrenes (right) as a
function of leaf age (immature, mature, and senesced) expressed as ng-PAH per g-leaf over 6
sampling events from June 5, 2016 to February 3, 2017.
Considering that the PAHs found in the leaf tissues make up less than half of the total PAH
profile in the soil, it is reasonable to imagine a subsequent PAH cycling scenario as follows. The
retention of PAHs in the leaf serves as a potential source of PAHs to the soil profile following
leaf decomposition. Following mineralization of leaves, the PAHs re-associate with the oil phase
and soil particles. The oil is again deposited on the marsh surface following turbulent erosion
processes, only to allow PAH volatilization and subsequent sorption or diffusion to an organic
substrate. This scenario sheds light on the possibility of organismal exposure to PAHs for many
years following an oil spill.
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2.3.4. PAH Accumulation in Leaf Fractions
Figure 7 presents C1-N and C1-P concentrations as a function of leaf fraction for all
sampling dates. All concentrations are expressed in terms of ng-PAH per g-leaf. Both
compounds exhibit similar behavior. It is clear the tissue of the leaf serves as a large reservoir
for PAH mass. The surface and cuticle fractions contribute less than 10 percent of the total
mass for each sampling date. An approximate Gaussian distribution of concentrations is
observed in the tissue of the leaf through December 11. High accumulation is observed in the
summer and early fall dates than in the winter dates, excluding February where concentrations
spiked.

Figure 7. Concentrations of C1-Naphthalenes (left) and C1-Phenanthrenes (right) in mature
mangrove leaves as a function of leaf layer (surface, cuticle, and tissue) expressed as ng-PAH
per g-leaf over 6 sampling events from June 5, 2016 to February 3, 2017.
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2.3.5. Leaf – SPMD Correlations
Total leaf concentrations of C1-N, C2-N, and C1-P were analyzed for correlations to air
SPMDs as well as surface SPMDs. Correlation analyses were performed by plotting total leaf
concentrations of PAH on the y-axis versus the total PAH masses in air SPMD or surface SPMD
on the x-axis (Appendix A). The data was best described by fitting to a linear regression model.
Table 2 provides a summary of R2 values and slopes of the regression models fit to
corresponding data sets.
All data displayed high variability as observed by low R2 values and unpredictable shifts
from inverse to proportional correlations. With respect to C2-N and C1-P, no observable
correlations existed between total leaf concentrations of PAH and total PAH mass in either air
SPMD or surface SPMD, as observed by R2 values close to zero. However, immature leaves
displayed the most dynamic relationships with SPMD concentration of each respective PAH, as
observed by higher magnitudes of regression slopes. Total leaf concentration of C2-N versus
total C2-N mass in air SPMD was the only exception to this generalization since the regression
slope of the immature leaf correlation was close to the regression slope of the senesced leaf
correlation.
Total leaf concentration of C1-N versus total C1-N mass in both air SPMD and surface
SPMD displayed the best correlations, as observed by the higher R2 values. Total leaf
concentration of C1-N correlated better with air SPMD than with surface SPMD, displaying air
SPMD R2 generally twice that of surface SPMD. The regression slopes were negative for the
correlations of C1-N versus both air SPMD and surface SPMD for all leaf ages. The inverse
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Table 2. Summary of linear regression models fit to PAH vs air or surface SPMD data. R2
values and slopes of the regression lines are presented.
Air
PAH
C1-N

C2-N

C1-P

Surface

R2

Slope

R2

Slope

Immature

0.63

-0.16

0.33

-0.16

Mature

0.67

-0.04

0.23

-0.03

Senesce

0.64

-0.05

0.22

-0.04

Immature

0.04

-0.13

0.04

-0.12

Mature

0.03

0.04

0.12

0.06

Senesce

0.26

-0.16

0.06

-0.07

Immature

0.24

1.39

0.71

0.4

Mature

0.003

-0.11

0.003

0.02

Senesce

0.005

-0.13

0.04

0.06

Leaf Age

correlation, where an increase in SPMD PAH concentration corresponds to a decrease in total
leaf PAH concentration, may be attributed to photochemical reactions occurring over time on
the leaf. A seasonal trend is also observed in most of the correlation figures, where summer
dates accumulated higher leaf concentrations and lower SPMD masses while winter dates
accumulated lower leaf concentrations and higher SPMD masses.
It is important to note that both the air and surface SPMDs accumulated the same PAHs
which were found in the leaves. These lower molecular weight PAHs (Cn-naphthalenes and Cnphenanthrenes) also exert higher acute toxicity than the higher molecular weight PAHs (Harvey,
1991). The fact that the same PAHs are observed in all sample types suggests these PAHs will
sorb to the first available organic substrate following volatilization from the marsh surface. It is
22

likely the PAHs do not discriminate against media type, tending towards sorption and diffusion
into all organic phases. This tendency includes biomagnification implications for other
organisms foraging around the marsh surface including snails, flies, crabs, and even humans
(Tiwari et al., 2017). Not only is an adsorption risk present but an inhalation from air phase
potential exists.
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CHAPTER 3: PLANT – AIR PARTITIONING BETWEEN PAHS AND AVICENNIA
GERMINANS
3.1. Introduction
Crude oil from the Deepwater Horizon oil spill is currently present in Louisiana coastal
surface sediments and its effects on the coastal ecosystem are still being realized (Hester et al.,
2016; Beyer et al., 2016). Wetland vegetation serves as a potential sink for PAHs from newly
exposed oil (Watts et al., 2006). There are two primary pathways of PAH uptake by plants: soilto-root transpiration and air-to-leaf partitioning. In the soil-to-root pathway, PAHs can be
removed from the sediment by the root system and transported to the aboveground plant
biomass via transpiration (Briggs, 1982; Gao and Zhu, 2004). In the air-to-leaf pathway, PAHs
volatilize from the sediment surface and subsequently partition into the leaf surface (Bacci et
al., 1992). Previous, unpublished data from 2016-2017 (Chapter 1) suggests air-to-leaf
partitioning pathway dominates.
The octanol – air partition coefficient (KOA) can be useful in predicting the dominant
uptake process of air phase semivolatile organic compounds (SOCs) into vegetation (McLachlan,
1999). Plant uptake of SOCs occurs primarily from the atmosphere via one of three processes:
equilibrium partitioning between the vegetation and the gas phase (log KOA < 8.5), gaseous
deposition (8.5 < log KOA < 11), or wet and dry particle-bound deposition (11 < log KOA)
(McLachlan, 1999).
A fugacity meter has been developed as a valuable tool for studying contaminant
transport into plants and investigating the fate of contaminants in various phases (Horstmann
and McLachlan, 1992). The fugacity meter has been used to experimentally determine plant –
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air partitioning coefficients (KPA) for SOCs on artificially contaminated samples (Komp and
McLachlan, 1997).
The objective of this study was to determine the plant – air partitioning coefficients for
multiple PAHs in field contaminated leaves of black mangrove trees (Avicennia germinans). The
calculated plant – air partitioning coefficients of these PAHs were compared to published values
of octanol – air partition coefficients. A better understanding of how PAHs partition in field
contaminated leaves will allow more accurate predictions of the ultimate fate of PAHs in the
environment following an oiling event.

3.2. Methodology
3.2.1. Partitioning Apparatus Experiment
In order to quantify the plant-air partitioning coefficients, an experimental apparatus
was built similarly to that of Horstmann’s and McLachlan’s (1992) small-scale fugacity meter
(Figure 8). The entire apparatus was assembled and operated inside an incubator to maintain
ambient temperature. An external air supply of room air was supplied to the system. The air
first passed through a Florisil trap to remove possible impurities from the source air. The air
stream then flowed through a gas wash bottle filled with water in order to control the humidity
of the stream. The air then flowed into the centerpiece of the apparatus, a glass column filled
with field contaminated mangrove leaves. Here the air was retained for sufficient retention
time to reach equilibrium with the leaves. The air subsequently flowed through another Florisil
trap, this time removing contaminants which had left the source leaves. Lastly, the clean air
flowed through a gas flow meter for operational recording purposes and then out the system.
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Figure 8. Schematic of the partitioning apparatus for field contaminated black mangrove leaves.
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Mangrove leaves were sampled from the same BP oil contaminated coastal salt marsh
located in Barataria Basin in Bay Jimmy, LA as described in Chapter 1 above. Due to the limited
supply of leaves on the mangrove trees studied in Chapter 1, a new mangrove tree, located in
close proximity to the previously sampled trees, was sampled for this study. 50 grams of
mature mangrove leaves were collected for study at each sampling event. An additional
sample from the same tree was also collected for time zero PAH extraction and analysis at each
sampling event. Only mature leaves were selected because the tree is dominated by the
mature leaves. The reaction vessel was thoroughly washed with hexane/acetone (50:50 v/v)
prior to field sampling in order to remove residual PAHs. Newly sampled leaves were
immediately stored in the clean reaction vessel, sealed, stored in a cool, dark environment, and
transported back to the lab.
Once in the lab, both florisil traps were filled with 6 grams of florisil and properly sealed.
The reaction vessel was connected to the apparatus inside the incubator and operation began.
Air supply flow rate was maintained at 3 L/min and inspected daily using the gas flow meter
near the outlet of the apparatus. The gas wash bottle was inspected daily for sufficient water
level and filled as needed. The incubator was set to 20°C for both trials and confirmed using a
mercury thermometer located inside the incubator near the apparatus.
Midway through the experiment, the florisil traps were emptied into sample jars and
subjected to PAH extraction in order to avoid a possible adsorption capacity limit of the florisil
media. The florisil traps were then filled with 6 grams of florisil and properly sealed. Operation
continued and daily maintenance was performed as required. At the conclusion of the
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experiment, the florisil traps were emptied into sample jars and subjected to PAH extraction.
The leaves were removed from the reaction vessel and subjected to PAH extraction.

3.2.2. PAH extraction and analyses
PAHs were extracted from florisil by dialysis. The florisil sample was mixed with 100 mL
of hexane solvent in a solvent cleansed mason jar. The jar was vigorously shaken over a 48
hour period to facilitate dialysis. The hexane solvent was evaporated to 2 mL at 70°C using a
RapidVap N2 Evaporation System (Labconco, USA), diluted to 20 mL with hexane/acetone
(50:50 v/v), evaporated to 3 mL at 70°C, and stored in scintillation vials before GC-MS analysis.
The leaf samples collected before and after the experiment were both extracted for
PAHs similarly. The leaf samples were cut into small pieces, weighed, and mixed with
diatomaceous earth to dry the samples in preparation of aggressive tissue extraction of PAHs
using accelerated solvent extraction (ASE). Full sample masses were recorded for calculation
purposes but only 15 grams or less of leaf mass were used for analysis. The prepared samples
were loaded into stainless steel, cylindrical cells and placed in a Dionex Accelerated Solvent
Extractor 350 (Thermo Scientific). The ASE extracts oil elements from the samples using
hexane/acetone (50:50 v/v) under 1700 psi of pressure at a temperature of 100°C. The
hexane/acetone solvent eluate from the ASE was evaporated at 70°C to 3 mL using the
RapidVap.
The 3 mL hexane/acetone sample from the ASE was processed further using solid phase
extraction (SPE) with a silica gel column before GC-MS analysis. This method served to remove
chlorophyll, which may interfere with the detection of PAHs by GC-MS. The column was
activated with 1 mL of water followed by the 3 mL hexane/acetone sample. The column was
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eluted with 40 mL of 2:3 hexane/acetone. The eluate was evaporated at 70°C to 2 mL on the
RapidVap, diluted to 20 mL with hexane/acetone (50:50 v/v), evaporated at 70°C to 3 mL, and
stored in a scintillation vial before GC-MS analysis.
Table 3 reports PAH recovery percentages determined using the SPE method. Triplicate
samples were prepared by combining 3 samples of 5 μL of a known concentration of
deuterated internal standards (naphthalene, acenaphtheylene, phenanthrene, and chrysene)
with 3 mL of hexane/acetone (50:50 v/v). The SPE method was performed as described above.
The eluate was analyzed for the above PAHs and recovery percentages were calculated for each
deuterated PAH. These recovery percentages sufficiently describe expected recovery
percentages for methylated PAHs in the respective family.
Table 3. Internal standard recoveries from SPE method
PAH Standard

Recovery Percentage (Avg ± St. Dev.)

Naphthalene

15 ± 4.2

Phenanthrene

33 ± 5.6

All samples were prepared for analysis by gas chromatograph-mass selective detection
(GC-MS) for targeted PAHs by combining 1 mL of sample eluate with 5 μL of deuterated internal
standard (naphthalene, acenaphtheylene, phenanthrene, and chrysene). Samples were
analyzed for PAH concentrations by a Hewlett Packard 6890N gas chromatograph equipped
with a 5973N mass selective detector and a DB-5 capillary column (30 m x 0.25 mm x 0.25 μm
film). The injector temperature was set at 300°C. The detector temperature was set at 280°C.
The oven temperature was set at 45°C for 3 minutes, followed by an increase rate of 6°C per
29

minute to 315°C where the temperature was held for 15 minutes. The GC utilized helium as the
carrier gas. Quality control blanks (1 mL hexane/acetone at 50:50 by volume with 5 μL internal
standard) were placed before and after each run. Continuing calibration standards of known
concentrations of PAHs were incorporated in each run as well.
Leaf samples were analyzed targeting the following PAH’s: naphthalene, C1naphthalenes, C2-naphthalenes, C3-naphthalenes, C4-naphthalenes, acenaphthylene,
acenaphthene, fluorene, C1-fluorenes, C2-fluorenes, C3-fluorenes, phenanthrene, C1phenanthrenes, C2-phenanthrenes, C3-phenanthrenes, C4-phenanthrenes, dibenzothiophene,
C1-dibenzothiophenes, C2-dibenzothiophenes, C3-dibenzothiophenes, fluoranthene, pyrene,
C1-pyrene/fluoranthene, chrysene, C1-chrysenes, C2-chrysenes, and C3-chrysenes.

3.2.3. Partitioning coefficient calculations
The plant – air partitioning coefficient (KPA) can be calculated using Equation 1:
!

!!" = !!

!

(1)

where KPA is the plant – air partitioning coefficient, CV is the vegetation concentration or
concentration of PAHs in the leaf, and CA is the concentration of PAHs in the air. The vegetation
concentration is calculated using the leaf sample collected from the reaction vessel at the
conclusion of the experiment. The vegetation concentration is normalized to leaf mass and
expressed as ug-PAH per g-leaf.
The PAH concentration in the air can be calculated using Equation 2:
!! =

! !"#$%&%" ! ! !!"#$%&%" !
!∙!
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(2)

where ! !"#$%&%" ! and !!"#$%&%" ! is the mass of PAH extracted from the florisil sample collected
midway through the experiment and at the conclusion of the experiment, respectively, Q is the
volumetric air flow rate, and t is the length of the experiment.
Equation 1 can be rewritten as Equation 3 by substituting Equation 2 into Equation 1.
!!" = (!

!! ∙!∙!
!"#$%&%" ! ! !!!"#$%$! ! )

(3)

3.3. Results and Discussion
3.3.1. Time Zero PAH Concentration in Leaves
A full scan of PAHs was performed on both sampling dates at time zero in order to
determine which PAHs were detectable. The PAHs quantified in the leaves were normalized to
the dry mass of the leaf. Figure 9 displays the major detected PAHs in mature mangrove leaves
for both sampling dates at time zero. Lower molecular weight compounds including
napthalenes and phenanthrenes were detected for both sampling dates at time zero. Lower
alkylated forms of these PAHs dominated, including C1-naphthalenes (C1-N), C2-naphthalenes
(C2-N), C1-phenanthrenes (C1-P), and C2-phananthrenes (C2-P).
The concentrations of C1-N, C2-N, C1-P, and C2-P were much lower in December (trial 1)
than in February (trial 2). This is consistent with trends observed in previous, unpublished data
from 2015-2017 (Chapter 1) where PAH concentrations in December were muted whereas
February concentrations were spiked with respect to data from other sampling dates. C2-P
displayed a particularly low concentration within the December sampling date.
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Figure 9. PAH concentrations in mangrove leaves for time zero samples on December 12, 2016
(left) and February 3, 2017 (right) expressed as ug-PAH per g-leaf.

3.3.2. Calculated Plant – Air Partition Coefficients
Table 4 provides a summary of calculated plant – air partition coefficients (KPA) for C1-N,
C2-N, C1-P, and C2-P for both trials expressed as log KPA and published values of octanol – air
partition coefficients expressed as log KOA for the respective PAHs. All KPA values were well
below 8 which supports the dominant uptake process of air phase PAHs is equilibrium
partitioning between the vegetation and the gas phase (McLachlan, 1999).
It is expected that KPA will increase with increasing molecular weight and increasing KOA.
KPA increases in trial 1 from C1-N to C2-N which is expected. However, C1-P was lower than
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Table 4. Calculated plant – air PAH partition coefficients (log KPA) for trials 1 and 2 and
published values of octanol – air partition coefficients (log KOA).

1

Estimated log KOA at 25˚C (Parnis et al., 2015)

expected, having a KPA lower than both C1-N and C2-N. This is not expected considering KOA
values for C1-P and C2-P are appreciably higher than KOA values for C1-N and C2-N. Further, C2P was not detected at quantifiable concentrations in either of the florisil samples for trial 1.
This may be attributed to the particularly low concentration of C2-P observed in the time zero
sample for December date.
KPA decreases in trial 2 from C1-N to C2-N which is not expected. KPA increases in trial 2
from C1-P to C2-P which is expected. However, the KPA values for C1-P and C2-P are slightly
greater than the C1-N and C2-N KPA values in trial 2 and in the same range as the C1-N and C2-N
KPA values in trial 1. This is not expected considering KOA values for C1-P and C2-P are
appreciably higher than KOA values for C1-N and C2-N. This discrepancy may be explained by
the relationship between trial length and concentration of phenanthrenes in the time zero
samples. Trial 1 ran for 42 days and trial 2 ran for 31 days. It was visually observed that the
leaves changed in color and shape due to leaf senescence throughout the course of both trials.
This in turn may have had an impact on the structural integrity of the leaves causing favorable
conditions for higher release rates of PAHs. Due to the higher PAH masses observed in the time
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zero samples for trial 2, a larger pulse release of PAH mass in trial 2 following leaf senescence
could cause the illusion of lower KPA values in trial 2 than trial 1. In this scenario, the KPA values
for phenanthrenes would have been skewed to lower values since the concentration of
phenanthrenes in the time zero samples were generally higher than the concentration of
naphthalenes in trial 2.

3.3.3. Comparison of KPA values for Mangrove and Spartina leaves
Table 5 provides a summary of calculated plant – air partition coefficients (KPA) for
mangrove and Spartina alterniflora (Kassenga, 2017) for C1-N, C2-N, C1-P, and C2-P for both
trials expressed as log KPA. Generally, the KPA values for naphthalenes for mangrove and
Spartina were similar while the KPA values for phenanthrenes differed.
Log KPA values increased from C1-N to C2-N for both mangrove and Spartina in trial 1.
Spartina displayed a sharper increase from C1-N to C2-N. Values were similar for both C1-N
and C2-N compared between mangrove and Spartina in trial 1. Log KPA values slightly
decreased from C1-N to C2-N for mangrove in trial 2 while those values slightly increased for
Spartina. Spartina displayed slightly higher log KPA values than mangrove for C1-N and C2-N in
trial 2.
Table 5. Calculated log KPA values for Mangrove and Spartina for Trials 1 and 2.
Trial 1 (42 d)
C1-N
C2-N
C1-P
C2-P
1

Mangrove
4.54
4.83
4.36
Not Detected

Trial 2 (31 d)

Spartina
4.40
5.00
2.30
2.70

Calculated log KPA values (Kassenga, 2017).
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1

Mangrove
4.43
4.32
4.45
4.60

Spartina 1
5.3
5.5
4.2
2.6

The log KPA values for phenanthrenes did not compare well between mangrove and
Spartina with stark differences observed. The log KPA for C1-P for mangrove was nearly two
times greater than the log KPA values for Spartina in trial 1. However, the log KPA values for C1-P
and C2-P for Spartina as well as the log KPA value for C1-P for mangrove were lower than
expected when compared to published KOA values (Parnis et al., 2015). The log KPA values for C1P were comparable between mangrove and Spartina in trial 2. However, the log KPA values for
mangrove slightly increased from C1-P to C2-P while the log KPA values for Spartina decreased
by nearly half from C1-P to C2-P. The log KPA value for C2-P for mangrove nearly two times
greater than the log KPA value for C2-P for Spartina.
Some of these differences may be attributed to the difference in structural stability
between mangrove leaves and Spartina leaves. It was visually observed that Spartina dried out
and began decomposing at a higher rate than mangrove. This process may have presumably
had an effect on the properties of the cuticle of both leaf types. The effect on mangrove cuticle
may have been temporally delayed due to a thicker cuticle layer in mangrove than Spartina.

3.3.4. Recommendations
The experiment can be modified in various ways to obtain more meaningful data. Three
particular modifications are presented to increase the accuracy of the data and provide more
latitude in parameter calculations. The first modification is decrease the total trial run time so
as to avoid the effect of leaf senescence on PAH release rates. This modification will allow the
investigator to better replicate the conditions the leaves experience in the field and potentially
lead to more realisitic KPA values. The second modification is to increase the number of florisil
exchanges within each trial. This modification will allow the ability to calculate fugacity
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coefficients and observe changes in mass flux over time. The third modification is to replicate
the trials at different temperatures. This modification will allow the calculation of the enthalpy
of phase change between plant and air which will allow the calculation of KPA at any
temperature.
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APPENDIX
Appendix A: PAH – SPMD correlation figures.
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Figure A-1. Correlations of C1-Naphthalenes (C1-N) between various mangrove leaf ages and Air SPMDs over time.
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Figure A-2. Correlations of C1-Naphthalenes (C1-N) between various mangrove leaf ages and Surface SPMDs over time.
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Figure A-3. Correlations of C2-Naphthalenes (C2-N) between various mangrove leaf ages and Air SPMDs over time.
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Figure A-4. Correlations of C2-Naphthalenes (C2-N) between various mangrove leaf ages and Surface SPMDs over time.
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Figure A-5. Correlations of C1-Phenanthrenes (C1-P) between various mangrove leaf ages and Air SPMDs over time.
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Figure A-6. Correlations of C1-Phenanthrenes (C1-P) between various mangrove leaf ages and Surface SPMDs over time.
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